The novelty in this study is the comprehensive chemical, spectroscopic and thermomechanical characterization of coir fibers as a raw material for fuel pellet production.
Introduction
Coconuts are grown in more than 100 countries and autonomous regions of the world, resulting in an annual production of about 60.5 million tons for the year 2014 [1] . They represent a particularly important agribusiness in developing countries with tropical climate [2] . A variety of uses have been sought for the husks and shells, which remain after harvesting and processing of the coconuts. For example, some coconut-producing countries use coconut husks and shells as an alternative energy source, such as charcoal production [3] .
Alternatively, coconut husks can be further processed into useful by-products such as coir. Coir is a natural fiber obtained from the husk of the coconut fruit (Cocos nucifera), a tropical plant of the Arecaceae (Palmae) family. In ripe coconuts, a husk, which consists of about 30 to 35 % fibers, surrounds the hard seed and the remaining part is a particulate substance known as pith. Coir is a coarse, reddish and stiff fiber, rich in lignin and cellulose. During the 6 to 12 month growth period of a coconut the immature pale and soft coir fibers harden as layers of lignin are formed in their cell walls [4] . After the harvest, the fibrous layer of the husk is separated either manually or mechanically by crushing the husk. The pith remains as residue from the extraction process and can be used in horticulture or used to make renewable fertilizer [3] or used as a raw material for fuel pellet production [5] .
Brown coir (made from ripe coconut) and white coir (made from unripe coconut) are available in large quantities in most tropical countries. The world production of coir fibre in 2014 was estimated by the Food and Agriculture Organization of the United Nations (FAO) [1] to be at about 1.13 million tons on global level. India is by far the country producing most coir and Indian production alone accounted for 544.000 tons.
There is a well developed market for coir yarns and mats that amounts to, respectively, about 14.000 tons and 60.000 tons yearly [6] . Although there are multiple products made from coir fibers such as mats, brushes, mattresses and fishing nets, most of the fibers obtained from coconut processing remain unutilized 4 for higher value uses [7] . Only at about 15% of the husk fibres are actually recovered for use [8, 9] . Much more efficient utilization is possible, especially using of shorter fibers, sometimes called fiber bits, that cannot be used for high value products such as rope or mat production.
The major drawback of coir fibers are their low bulk density which makes their handling expensive and difficult, limiting their market value. Evans et al. [10] have reported bulk densities of 40-80 kg m -3 for different sources of coir dust, and cut fibres can be expected to have even lower bulk densities. The bulk volume can be reduced significantly (factor 10-15) by grinding and pressing the fibers into high density pellets, which could potentially be used for domestic cooking and heating applications in developing countries or elsewhere, for example. Figure 1 illustrates the reduction in volume from cut fibers to powder and after pelletization. Densification of fibers into pellets eases the handling, transportation and storage of fibrous biomass and is the most common method of reducing the logistic costs for solid biofuels and increase the energy density [11] . Pelletization results in a homogeneous, standardized product that can be handled at a lower cost and easily fed into a combustion system [12] .
The use of fuel pellets made from agricultural residues such as coir could replace traditionally used firewood, and thus reduce uncontrolled deforestation which is a serious problem in many developing countries, resulting in land erosion and other environmental problems. Recent studies have shown that biomass pellets could be used in small pellet stoves, replacing traditional open fireplaces for cooking in developing countries, and as such significantly reduce indoor pollution and related health issues [13] . Pellet stoves are cheap to manufacture, and biomass pellets can be produced locally from local fiber residues, i.e. wood, agricultural grasses, husk and empty fruit bunches. Reed and Larsson have developed a low emission biomass gas stove for developing countries that can be used for cooking indoors [14] . The ash can be collected and used as fertilizer for local farming. Findings have shown that densification of the coir-pith improves gasification processes [15] . Apart from heat and energy production, coir fiber pellets may also serve as raw materials for biorefinery and/or composite production processes [6] .
However, not all biomass materials are suitable for commercial pellet production.
Pelletization and the resulting pellet quality and processing costs depend on the chemical and physical properties of the raw material, which varies according to species, stage of maturity, climatic conditions and other factors. For example, a high lignin content will enhance the pellet quality, while high amounts of extractives (i.e. oils and waxes), can reduce the pellet's mechanical properties [16] .
Coir fibers have good mechanical properties and are composed of at least one third of lignin [17] [18] [19] [20] [21] making them a good candidate for pelletization. White coir has been reported to have a lignin content of about 37.2% to 43.9% [19] , whilst the brown coir lignin content may range from 38.3% to 45.8% [20, 21] . A previous study based on extracted coir lignin indicates that lignin extracted from coir fibers undergoes a glass transition at about 140°C, with some temperature variation based on degree of maturity and moisture content [17] . It was claimed that coir fibers dehydrate and crosslink upon heating, resulting in an irreversible hardening of the fiber after cooling.
Coir fibers were therefore suggested as an ideal raw material high-density fiberboard production [17] , a process that in many ways resembles pelletization with respect to temperature and pressure.
The present study investigates the potential of coir fibers for fuel pellet production processes. The heating value (HHV) of the pellets was determined using a bomb calorimeter and the fibers were analyzed for their composition by means of acid hydrolysis and subsequent sugar analysis using high-performance liquid chromatography (HPLC). The fiber surface was characterized using infrared spectroscopy and the thermomechanical properties were determined using dynamic mechanical thermal analysis (DMTA). The latter gives information on the flow characteristics of the lignin in the fibers, and can be useful for optimizing commercial pelletizing operations. The pelletizing properties of coir were tested using a single pellet press tool that allows an exact adjustment and optimization of the pelletizing conditions. Similar tests using other biomass materials have shown the value of this method and its correlation to production scale pellet mills [22, 23] . The mechanical strength of the produced pellets was determined by means of compression testing.
Materials and Methods

Materials
Coconuts (Cocos nucifera) were harvested in August 2011, at Paraipaba, Ceará State, Brazil under tropical monsoon climate conditions, Köppen climate class Aw. [24] . The ripe and unripe nuts were processed in a coconut processing facility at Paraipaba. Initially, the unripe husks were ground in a shredder machine with blades and hammers and pressed in a horizontal roller press machine. Finally, the material was sorted into pith and coir. The ripe husks were processed in the same way, without the press step. The fibers were dried to prevent microbiological degradation and to enable storage of the material until its utilization. Drying was made in an air blown oven at 105°C for 15 minutes. The dried fibers were stored in an airtight container, in a dry and dark place until utilization. The fibers used for pelletizing trials were ground to a particle size < 2 mm using a knife mill (Cutting Mill SM 300, Retsch, Germany) and stored in a climate chamber with 65 % relative humidity (RH) at 20°C until an equilibrium moisture content was reached.
Fiber analysis
The composition of the dry samples milled to <1 mm particle size was analyzed using a two-step strong acid hydrolysis method developed by Sluiter et al. [25] . The detailed procedure used in this study has previously been described by Kristensen et al. [26] The moisture content was determined using a moisture analyzer (MA 30, Sartorius, Germany). Monosaccharides (D-glucose, D-xylose and L-arabinose) were quantified according to Kristensen et al. using high-performance liquid chromatography (HPLC) (Summit system, Dionex, USA) equipped with an RIdetector (Shimadzu, Japan). The separation was performed in a Phenomenex
Rezex RHM column at 80°C with 5 mM H2SO4 as an eluent at a flow rate of 0.6 ml min -1 [26] . Klason lignin content was determined based on the filter cake, subtracting the ash content after incinerating the residues from the strong acid hydrolysis at 550 °C for 3 h. The amount of ash was determined according to ASTM E1755 -01(2007), which is a standard test method for ash in biomass.
Infrared spectroscopy
Attenuated Total Reflectance (ATR) FTIR spectroscopy was used to study the surface of the biomass particles. Spectra were recorded at 30 °C using a Nicolet 6700 FT-IR spectrometer (Thermo Electron Corporation, USA), equipped with a temperature-adjustable ATR accessory (Smart Golden Gate diamond ATR accessory, Thermo Electron Corporation, USA). Samples were dried at 105 °C for 4 hours and stored in airtight containers until analysis. All spectra are obtained as the average of six independent sample spectra. The spectra are all baseline corrected and ATR-corrected (for dispersion), then normalized such that the strongest band around 900 -1100 cm -1 gave an absorbance value of 1.
To ensure good contact, all samples were pressed against the diamond surface using a metal rod with consistent pressure. All spectra were obtained with 200 scans for the background (no sample) and 100 scans for the sample with a resolution of 4 cm −1 .
Single pellet press test
White and brown coir was pelletized using a single pellet press as described in earlier studies [27, 28] . The single pellet unit consisted of a cylindrical die, 8 mm in diameter and made of hardened steel, lagged with heating elements and thermal insulation. The temperature of the die wall was controlled using a thermocouple connected to a control unit. The temperature was set to two different temperatures, above (130 °C) and below (60°C) the glass transition temperature of lignin. The end of the die was closed using a removable backstop. Force was applied to the pellet unit using a universal testing system (AGX, Shimadzu, Japan) and detected using a 200 kN load cell. Data recorded was the compression force and the friction (force that is required to extrude the pellet from the press channel). For testing 750 mg of sample material with particle size of 1-2 millimeter was compressed at a rate of 100 mm min -1 until a maximum pressure of 300 MPa was reached and hold for 5 seconds. The chosen maximum pressure can be regarded to be in the range of pressures typically obtained in commercial pelletizing processes [29, 30] .
Subsequent to compression, the bottom piston was removed from the die and the pellet was pressed out of the channel at a rate of 100 mm min -1 . The static friction is the force required to set the pellet into motion when extruding the pellet from the die.
The average value of at least five measurements was determined and a 95% confidence interval calculated. It has been shown earlier that the determined friction values can be correlated to the energy consumption of an industrial scale pellet press [23].
Pellet characterization
The pellets produced from the single pellet press were cylindrical with 8 mm in diameter and about 12 mm in length. The pellets were left to cool overnight, and the pellet strength was determined by crushing the pellet perpendicular to the length of the pellet as described earlier [22, 28] . Prior to this, the length, diameter, and mass were measured for density calculation. 4-10 replicates were made for each sample.
The average value was determined and a 95% confidence interval calculated.
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Heating value
A bomb calorimeter (6300, Parr Instrument Company, USA) was used to determine the higher heating value (HHV, MJ kg -1 ) of coir fibers according to European standard EN 14918. Ground material with a particle size < 1mm was placed in a metal crucible and fired inside the bomb calorimeter using an ignition wire in the presence of oxygen. The measurements were repeated three times and reported as an average value.
Dynamic mechanical thermal analysis (DMTA)
The glass transition temperatures of coir amorphous polymers were determined by means of DMTA (Q800, TA-Instruments, USA) using a single cantilever grip as described in one of our earlier studies [31] . Specimens were prepared by pressing the conditioned coir fibers into fiber mats using a laboratory hot press at 130 °C applying a pressure of about 50 MPa for 1 minute. The resulting fiber mats were cut into rectangular specimens and one half of them were dried at 105 °C over night and kept dry in a desiccator. The other half was conditioned at 65 RH and 27 °C for three weeks. The resulting moisture content of the specimen based on dry weight was determined to be 11.8 wt (± 0.9 wt% ) for the white coir and 10.1 wt% (± 0.8 wt% )
for the white coir. Measurements were conducted between -60 and 200 °C with an amplitude of 15 µm at a frequency of 1 Hz. The loss factor (tanδ) were determined and used for obtaining information on the thermo-mechanical behavior of the amorphous polymers (lignin and hemicellulose) to explain the flow behavior and, indirectly, the strength of the pellets. Measurements were repeated twice to verify the results.
Results and Discussion
Fiber analysis
Standard fiber analysis of white and brown coir as shown in Table 1 indicate a high lignin content of about 42.2 wt% for brown and 40.8 wt% for white coir fibers based on dry basis. In an earlier study the lignin content of different wood species has been determined using exactly the same analysis protocol to be at about 25.0 to 35.0 wt% and which is significantly lower to what has been determined for coir fibers [20] . The ash content is 1.75 wt% (brown coir) to 2.46 wt% (white coir) and this is still in the range of what typical firewood can contain. Both the high lignin content and the relatively low ash content suggest that coir may serve as an excellent feedstock for fuel pellet production. 
Infrared spectroscopy
The chemical composition of the fiber surface has been studied by means of ATR-FTIR. The bands at 2925 and 2850 cm -1 are associated with CH stretching vibrations of lipids that can be linked to surface waxes of the plant cuticle [32] . Those waxes have earlier been shown to have a potentially negative effect on the pelletizing properties of biomass, especially when present in high concentration [22] . However the signal intensity is rather weak compared to analysis data published in an earlier study on wheat straw, using the same equipment and analysis method, which was shown to have high wax content and poor densification properties [22] . This indicates that coir has only a low wax content that will most likely not have a negative effect on the pelletizing process. Literature data indicates that coir fibers have a lipid content of about 1 to 5 wt% [17] .
The bands at 1515 and 1600 cm -1 are associated to with the aromatic ring structures of lignin [33] [34] [35] . There are some differences between the white and the brown coir.
The larger lignin bands for brown coir indicates that the ripening process enhances the lignin content. This observation is supported by the chemical analysis (Table 1) .
Furthermore, the decrease in the band at 1725 cm -1 , associated with the carbonyl groups of the hemicelluloses [33] [34] [35] , suggests that the hemicellulose content might decrease during the ripening due to degradation or by out-washing. Bands at 2925 and 2850 cm -1 associated to CH stretching of surface waxes. Right:
The bands at 1515 and 1600 cm -1 assigned to lignin and at 1725 cm -1 assigned to hemicellulose.
Pelletizing tests
Both friction ( Figure 3 ) and compression strength (Figure 4 ) of the pellets are affected by the temperature of the pellet die. At 130°C the friction generated in the press channel of a pellet press is low, for both for white and brown coir. Lowering the die temperature to 60 °C the friction is considerably higher, especially for the brown coir. The pellet strength which is a measure for the pellet quality is shown in Figure 4 and pellets pressed at 130 °C are considerably stronger than pellets pressed at 60°C. This is most likely because the higher temperature increases the flow of lignin resulting in better inter-fiber bonding. Comparing the measured strength 15 data with strength data of convetional wood pellets that have been tested in an earlier study using the same experimental set up, indicates that the mechanical properties of coir pellets are similar or superior to pellets made from wood or wheat straw [27, 36] . 
Heating Value
The higher heating value (HHV) for white coir is HHV = 18.5 ± 0.3 MJ/kg and for brown coir HHV = 19.0 ± 0.2 MJ/kg. The results indicate a slight increase of heating value during the maturation process of the coconut. This could be due to a partial degradation of hemicelluloses during the ripening process caused by hemicellulose degrading enzymes and a higher lignin content, which has been observed in other species [37, 38] .
Compared to other biomass resources, the HHV for coir is similar to those of other plant husk and shell materials (i.e. hazelnut shell, olive husks) [39] and close to what has been determined for hard and softwood materials, which is the main raw material for fuel pellet production today.
The heating value of biomass can be directly correlated to its lignin content [40] . The lignin content of coir is relatively high compared to many other types of agricultural residues and wood, making coir an interesting feedstock for fuel pellet production
Dynamic mechanical thermal analysis (DMTA)
In commercial palletization processes the biomass is compressed at high pressure between 210 and 450 MPa [29] and high temperature which softens the lignin and hemicelluloses in the fibers. The high pressure results in a collapse of the cell vacuole and ruptures the cell walls, releasing lignin and hemicellulose. In an ideal case, the lignin starts to flow and forms an inter-particle network of molten polymer held together by non-covalent interactions such as hydrogen bonding [22] . The network will solidify upon cooling and form a composite like structure of individual fibers and particles. The softening temperature of a polymer is usually referred to as the glass transition temperature (Tg) and defines the temperature where the polymer chains become able to move and rotate freely, allowing the polymer to flow and interact with neighboring polymer chains. Water is a crucial component since it acts as plasticizer, interacting with the lignin by hydrogen bonding and reducing the Tg most likely by reducing steric hindrance of the polymer chain movement. This is expected to result in a better flow and penetration of the lignin in between the biomass particles, enhancing the bonding strength and thus the mechanical properties of the pellet [41] [42] [43] . Therefore, the Tg of the coir fibers and the influence of moisture on it were investigated using DMTA.
The loss factor (tanδ) for both dry fibers and fibers conditioned at 27ºC and 65%
relative humidity (RH) are shown in Figure 6 . At 65% RH, the brown and white fibers had moisture contents of 11.8 ± 0.9% and 10.1 ± 0.8 %, respectively. There is a major transition (α2 peak) at about 120°C for brown coir and at about 130°C for white coir which is most likely the lignin glass transition [31] . The transition is broad and starts at a lower temperature which is most likely due to the heterogeneous nature of lignin. There is a minor α1 transition of the moist fibers at about 10°C (brown coir) and 20°C (white coir) which could be attributed to a glass transition for hemicelluloses [31] . However this needs further studies for confirmation.
The dry fibers behave differently. There is a small transition at about 145°C for both brown and white coir. Its origin cannot be identified exactly but it has been suggested that, for wood materials, it might be a secondary transition of lignin [44, 45] . The transitions for the dry fibers are significantly higher by about 20 °C, suggesting that higher temperatures and pressures will be needed to produce strong pellets. For both brown and white coir fibers, the temperatures of the tan δ peak (arrows in Figure 6 ) are reduced with moisture content, indicating that flow occurs at lower temperatures for the moist fibers. Nevertheless the transition temperature is still above the pelletizing temperature of 60 °C used in some of the single pellet tests.
At 130 °C pelletizing temperature it can be expected that lignin is flowing, resulting in more interpenetration of lignin between fibers during pelletization. This is also reflected in increased pellet strength. Ripe (i.e. brown) fibers seem to have a slightly lower transition temperature than the unripe (i.e. white) fibers, which might be due to compositional differences, explaining the slightly higher strengths of the pellets made from them. The positions of observed transitions of the moist fibers are in the range or below temperatures reached in the press channels of a commercial pellet mill. These results are in accord with earlier results showing that pellet stability peaks within a relatively small window of moisture content between 5 and 20 % depending on biomass type [46] .
Conclusions
The present study has shown that coir fibers are a suitable raw material for fuel pellet production, with fairly high energy content and sufficient strength as compared to presently used biomass pellets. Both ripe (brown) and unripe (white) coir are suitable raw materials for pelletizing processes. The strength and heating value of fuel pellets produced from brown coir fibers is slightly higher compared to fuel pellets produced from white coir. Furthermore the softening of the lignin in brown coir fibers occurs at slightly lower temperatures and the ash content of brown coir fibers is lower then in white coir. These differences make brown coir the preferred choice of raw material for fuel pellet production. The processing temperature has an important effect on the friction and thus the energy consumption of the pelletizing process. A processing temperature above the lignin glass transition temperature is advisable, and steampretreatment of the biomass prior pelletization may be considered as suitable conditioning step to increase the temperature and the moisture content in the raw material. This will likely lower the pellet mills energy consumption, reduce friction related wear of the mechanical parts and increase the product quality at the same 22 time. The next steps will be to test pelletizing properties of coir fibers in a continuous pellet mill and further process optimization and an economic analysis. Also the use of fiber bits (short fibers that cannot be used for high value products) and coir pith as raw materials have to be evaluated. The thermo-mechanical properties of coir and the high stability of coir pellets indicate that this type of fiber might also be a suitable raw material for other high value applications i.e. for boards without external adhesives.
